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Abstract 
 
The presented model of ductile cast iron solidification is a typical sample of multiphysics and multiscale engineering system. This 
model takes into consideration the different time and spatial scales of accounted phenomenon of microstructure formation: heat diffusion, 
components mass diffusion in the liquid and solid phases, thermodynamic of phase transformation under the condition of inhomogeneous 
chemical composition of growing and vanishing phases, phase interface kinetics and grains nucleation. 
The results of two-dimensional modelling of the microstructure formation in the ductile cast iron (so called - Ductile Iron - DI) are pre-
sented. The cellular automaton model (CA) was used for the simulation. Six states of CA cells were adopted to three phases above men-
tioned (liquid, austenite and graphite) and to three two-phase interfaces. 
For the modelling of concentration and temperature fields the numerical solution was used. The parabolic nonlinear differential equa-
tions with a source term were solved by using the  finite difference method and explicit scheme. The overlapping lattices with the same 
spatial step were used for the concentration field modelling and for the CA. The time scale of the temperature field for this lattice is about 
10
4 times shorter. Due to above reasons the another lattice was used with a multiple spatial step and the same time step. 
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1. Introduction 
 
The structure of alloys formed during solidification affects the 
utilization properties of materials and ready products, as-cast, heat 
treated, or fabricated by plastic working. This is the reason why in 
modern metallurgy and the related technological processes the 
possibility of modelling the structure formation process is so 
important, especially if different aspects of this complex phe-
nomenon can be taken into consideration. 
The eutectic microstructure is a result of a simultaneous 
growth of the grains of two (or more than two) solid phases from 
the melt. This structure is a base of numerous technical alloys. 
The physical and mechanical properties of such materials depend 
not only on the properties and volume fraction of each phase but 
also on the morphology of grains. 
The microstructure peculiarity of the DI is a spheroidal shape 
of the grains of one phase – graphite. Another phase growing di-
rectly from the melt during the solidification is the austenite. The 
graphite and austenite grains are nucleated in the liquid phase. At 
first these grains grow directly from the melt. Next the austenite 
shell arises all around of the graphite nodules. This envelope 
isolates the graphite grains from the liquid phase. From this 
moment the graphite grains grow due to the carbon diffusion from 
liquid solution to the nodules surface through the solid solution 
layer. The austenite grains still solidify directly from the melt but 
on the border "graphite nodule – austenite envelope" this phase 
vanishes and releases the volume for spheroid growth. The 
Cellular Automaton (CA) is one of the known methods of the 
simulation of microstructure formation during the solidification 
used in the multiscale modelling [1,2]. 
The first mathematical model of the dendritic solidification of 
the metals and alloys based on the method of CAFD (Cellular 
Automata – Finite Differences) was presented by Umantsev at al. 
[3]. The next publication that was written by the same authors 
disclosed the obtained by modelling effect of initial undercooling 
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35on the morphology of thermal dendrite and structure evolution of 
its secondary arms in micro-scale [4]. 
In the CA modelling the outer grain shape and inner proper-
ties (e.g. secondary dendrite arm space, solute distribution in the 
solids etc.) are the results of the simulation and do not superim-
posed beforehand. In the modelling the following physical phe-
nomenon are taken into account: releasing of the latent heat of 
phase transformations in the phase interface and heat flow, the 
solutes redistributions between the different phases and diffusion 
mass transport, the equilibrium temperature changes near the 
curved grain boundaries (Gibbs-Thomson effect.) It is possible to 
take into consideration the non-equilibrium character of the phase 
transformations. The models development for a one-phase micro-
structure evolution is a subject of the numerous research [5-14]. 
The question of the eutectic solidification in the superimposed 
temperature condition was solved in [15-18]. 
The purpose of the present work is a two-dimension model 
development for simulation of the DI structure formation during 
the solidification in the condition of non steady-state temperature. 
Model takes into account the continuous nucleation, separate 
growth of graphite nodules and austenite dendrites at the first 
solidification stage, and the following cooperative growth of 
graphite-austenite eutectic in the binary Fe-C system. 
 
2. Model description and solution 
method 
 
Cellular Automaton are an idealization of a real system in 
which space, time, and the states of a cell are discrete [19]. Pre-
sented model uses set of 6 cell states for microstructure model-
ling: 3 mono-phase states "liquid", "austenite", and "graphite", 
and 3 two-phase states.  
In the beginning all cells of CA lattice are in the "liquid" state. 
The analyzed domain is cooled with a constant cooling rate. 
When the temperature of liquid drops down below the liquidus the 
solid grains' nucleation and growth can be possible. 
The kinetic undercooling of the mother liquid phase is a 
measure of the thermodynamic driving force of new grains' 
growth. Total undercooling on the solidification front, hence the 
difference between equilibrium solidification temperature TEq 
(determined from the phase equilibrium diagram for carbon con-
centration obtained during simulation on the transformation front) 
and real temperature Tr is equal to the sum of capillary under-
cooling ∆Tκ and kinetic undercooling ∆Tµ (see Fig. 1): 
 
µ κ ∆ + ∆ = − T T T T r Eq  (1) 
 
where ∆Tκ = Γκ, Γ is the Gibbs-Thomson coefficient, and κ is a 
front curvature. 
The scheme of liquidus lines positions with accounting of 
capillary effect for convex grains is shown in Fig. 1 by dashed 
lines. 
Basing on [20], it has been assumed in the computations that 
the interface migration rate is a linear function of local kinetic 
undercooling ∆Tµ: 
 
µ ∆ µ = T u  (2) 
where µ is the kinetic growth coefficient. 
 
 
 
Fig. 1. Scheme of the iron-carbon binary phase diagram 
 
The increment of new phase volume fraction in the interface 
cells ∆f over the one time step ∆τ in the square CA cells of size a 
was calculated according to the equation proposed in [21]: 
 
() θ + θ
τ ∆
= ∆
sin cos a
u
f  (3) 
 
where θ is the angle between the X axis and normal direction of 
grain interface. 
If the phase volume fraction in the interface cell increase up to 
1, this cell exchange they state from interface to appropriate one-
phase. In addition this cell captures all adjacent ones: theirs states 
exchange to appropriative interface. 
It is a well known fact, that heat and mass diffusion processes 
in a liquid in front of the solidification interface results in the 
growth of the disturbance with a low curvature. On the other part, 
perturbations with a high curvature are dampening down by sur-
face energy of the interphase boundary [22]. The results of it are 
known morphological changes of the growing grains boundary 
shapes with the changes of growth velocity: plain, cellular, den-
dritic, seaweed, and fractal. The computer modelling of the heat 
and mass diffusion processes together with the growing grain 
shape simulation by cellular automata method make possible to 
predict the structure evolution of metallic alloy during the solidi-
fication. 
For the heat flow in the analyzed domain the numerical solu-
tion of nonlinear Fourier equation was used: 
 
() cool T q q T
T
c + + ∇ λ ∇ =
τ ∂
∂
 (4) 
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36 where: T is the temperature, τ is the time, λ is the thermal con-
ductivity, c is the volumetric specific heat. Two source terms are 
used: qcool is the intensity of the external cooling, and qT is a latent 
heat generation rate as a consequence of phase transformation. 
The solute diffusion in the domains of every phase was cal-
culated like the temperature distribution, by the numerical solu-
tion of diffusion equation with a source term in the solidification 
front: 
 
() C q C D
C
+ ∇ ⋅ ∇ =
τ ∂
∂
 (5) 
 
where D is the solute diffusion coefficient, C is the solute con-
centration in this phase, qC is a source term as a consequence of 
the carbon redistribution between the phases.  
Carbon concentration in the graphite is always equal to 1. For 
the "austenite-liquid" interface: 
 
L kC C = γ  (6) 
 
where k is the solute partition coefficient, Cγ, CL are the carbon 
concentration in the austenite and liquid. 
The Eqs. (4) and (5) were solved by Finite Differences 
Method. The implicit scheme was used. The solution of Eq. (5) 
was obtained on the dense lattice with the same spatial step with 
the lattice of CA (overlapped mesh). Maximum time step of im-
plicit scheme for Eq. (4) solution for the temperature field for this 
lattice is about 10
4 times shorter. That is why the another lattice 
(the sparse one) was used with a multiple spatial step and the 
same time discretization. The temperature of the interface cells 
was calculated by linear interpolation from the nodes of sparse 
lattice. 
Both source functions are equal to zero outside the interface 
cells. In the interface cells the value of the heat and mass sources 
for the finite-difference scheme are: 
 
τ ∆
∆
=
β
β → α
f
L qT  (7) 
()
τ ∆
∆
− =
β
β α
f
C C qC  (8) 
 
where Lα→β is the volumetric latent heat of α→β transformation, 
Cα and Cβ are the carbon concentration in the vanishing and 
growing phases, and ∆fβ is the growth of the new phase volume 
fraction during the time step ∆τ. 
The source function (7) calculated for the elements of the 
dense mesh was integrated over the area of the elements of sparse 
one. 
The normal direction of grain boundary in the interface cells 
was determined by the approach of F-vector [23]. The angle θ 
between the growth direction (normal to the grain boundary) and 
positive X-axis direction was calculated as follow: 
 
⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
= θ ∑ ∑
j i
j i j i
j i
j i j i f x f y
,
, ,
,
, , arctan  (9) 
 
where: fi,j is the volume fraction of the phase in the cell (i,j) xi,j, yi,j 
are the relative coordinates of adjacent cells. The summation in  
(9) over the 20 neighbour cells gives the best results of normal 
direction estimation [24]. 
The liquidus lines in the binary Fe-C thermodynamic diagram 
were approximated by linear function using the data from [25]:  
− for austenite liquidus: 
 
( ) 8 . 1944 4 . 12203 γ / + − = C C TEq,L  (10) 
 
− for graphite liquidus: 
 
( ) 9 . 183 4 . 37882 / − = C C T gr Eq,L  (11) 
 
 Carbon solvus line in the austenite:  
 
( ) 1 . 805 5 . 29574 γ/ + = C C T gr Eq,  (12) 
 
The carbon concentration in the above equation in a part of 
the mass fraction. 
The border curvature was estimated with geometrical method 
proposed in [21]. The relative coordinates of the tracer points A, 
B, and C in the interface cell (see Fig. 2) were calculated on the 
base of normal direction and growing phase volume fraction. 
Front curvature in the point A in Fig. 2 was estimated by the 
following equation: 
 
( ) ( ) C B AC AB θ − θ + = κ  (13) 
 
 
 
Fig. 2. Scheme of the interface curvature estimation 
 
3. Results of computations 
 
Computations were carried out on a grid of 640×640 cells. 
The length of the side of a cell was 1 µm. A uniform starting 
distribution of the carbon concentration in the binary Fe-C liquid 
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37was assumed, equal to 0.042 part of the mass fraction. Basing on 
[25], the equilibrium coefficient of carbon distribution between 
the liquid phase and austenite, kC = 0.4941 was adopted. Other 
thermophysical parameters that were used in the modelling are 
shown in the table 1. 
 
Table 1 
Thermo-physical parameters used in the modelling 
Heat conductivity, W/(m⋅K): 
– liquid  λL 30 
– austenite  λγ 20 
– graphite  λgr 40 
Diffusivity of carbon in, m
2/s: 
– liquid  DL 1.25⋅10
-9
– austenite  Dγ 5⋅10
-10
Latent heat, J/m
3: 
– liquid – austenite  LL/γ 19.71⋅10
8
– liquid – graphite  LL/gr 16.16⋅10
5
– austenite – graphite  Lγ/gr 8.8⋅10
5
Specific heat, J/(m
3⋅K): 
– liquid  cv,L 5.6⋅10
6
– austenite  cv,γ 5.84⋅10
6
– graphite  cv,gr 17.84⋅10
5
Density, kg/m
3: 
– liquid  ρL 7000 
– austenite  ργ 7300 
– graphite  ρgr 2230 
Gibbs-Thomson coefficient for interface, m⋅K: 
– austenite – liquid  Γγ/L 1.9⋅10
-7
– graphite – liquid  Γgr/L 7.0⋅10
-6
– graphite – austenite  Γgr/γ 9.45⋅10
-6
Kinetic coefficient of the interface, m/(s⋅K): 
– austenite – liquid  µγ/L 10
-4
– graphite – liquid  µgr/L 10
-5
– graphite – austenite  µgr/γ 10
-6
 
For the thermal and carbon concentration fields the periodic 
boundary conditions were used described in [19]. The intensity of 
the external cooling rate was equal 10 K/s (if qT = 0). 
The results of modelling are presented in the Fig. 3. All 
graphite grains in this figures are black. The austenite grains have 
different gray level (constant for each grain). The gray level in the 
liquid domain shows the carbon concentration. 
As graphite nodules, as austenite dendrites nucleate from the 
liquid. During crystallization from the liquid phase ahead of the 
austenite growth front, a liquid zone rich in carbon is formed. The 
solubility of carbon in the growing solid phase is lower than in the 
disappearing liquid phase. A reverse situation occurs in the liquid 
ahead of the front of graphite growth. In places where the distance 
between the growing phases is not large enough, a soft collision 
occurs, and due to this effect the concentration fields start acting 
on the growing grains, destroying the symmetry of their growth. If 
this collision occurs in the case of two identical grains (austenite-
austenite or graphite-graphite), their growth will be arrested in the 
direction of the collision.  
 
 
a) 
 
b) 
 
c) 
 
d) 
Fig. 3. The stages of DI microstructure formation (modelling): 
time, s: a) 3; b) 25; c) 34; d) 52 
 
The soft collision of the grains of different phases (providing 
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38 a phase rich in carbon, e.g. graphite, appears near the growing 
austenite grain) increases the carbon diffusion flow in direction 
between the phases. In this case, carbon concentration decreases 
ahead of the austenite grain growth front, and increases ahead of 
the graphite growth front. The concentration gradient of the dis-
solved constituent increases, resulting in accelerated diffusion 
mass transport. At the same time, with the above mentioned 
changes of concentration profile in the liquid phase, the under-
cooling increases at both solidification fronts. The thermodynamic 
driving force of the crystallisation of both phases increases, re-
sulting in accelerated migration of the grain boundaries towards 
each other. The scheme of the carbon distribution in the liquid 
between the austenite and graphite grains (with a non-equilibrium 
border concentration on both interfaces) is shown in the top part 
of the Fig. 1. 
As it follow from the Fig. 3d, each austenite grain can cover-
age several graphite nodules. This results are in the good correla-
tion with the experimental investigation of solidification structure 
of DI [26,27]. 
The example of real microstructure of the industrial ductile 
iron is presented in the Fig. 4. The chemical composition of this 
DI is shown in table 2. This picture confirms qualitatively the 
distribution of graphite spheroids in relation to austenite dendrite 
arms obtained in the simulation (Fig. 3). 
 
 
 
 
Fig. 4. Real microstructure of DI, etched by Nital 
 
 
Table 2 
The chemical composition of DI 
Concentration of element, wt.% 
C Si  S  P Mn  Mg 
3,45 2,40 0,015  0,015 0,31 0,051 
 
4. Conclusion 
The results of the simulation of the initial stage of growth of 
the austenite dendrites and graphite nodules in cast iron have been 
presented. The results have been obtained using author’s own 
computational program. 
It has been proved that the rate of growth of the austenite 
dendrite branches can increase during simulation if a grain of 
graphite is placed nearby. 
After enclosing of the graphite nodules by the austenite, fur-
ther growth of graphite is possible because the carbon diffuses 
from liquid solution to the nodules surface through the solid solu-
tion layer. 
It was shown, that each austenite grain can coverage several 
graphite nodules. This results are in the good correlation with the 
experimental investigation. 
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